INTRODUCTION
In an earlier paper {Funnell and Laszlo, 1978} a threedimensional linear finite-element model of the cat eardrum was presented. In that paper only the low-frequency behavior of the model was considered; that is, the behavior in the region below about 1 kHz where inertial effects are not important. In a later conference presentation {Funnell, 1980} the higher-frequency behavior was considered. However, the element mesh of the model presented in those two papers was quite coarse, making the higher-frequency results particularly suspect since they involved more complicated vibration patterns. This paper presents a model which is essentially unchanged except that it has an element mesh which can be made finer than that of the earlier model. Section I discusses the definition of the model, and the way in which it can be givenvarious mesh resolutions. Section II presents the static behavior of the model, studying the effect of mesh resolution and comparing it to the earlier model. Section III presents the undamped natural frequencies and mode shapes of the model, and Sec. IV discusses the effects of varying certain parameters of the model.
I. MODEL DEFINITION

A. Mesh generation
The model presented here is implemented using a hierarchical modeling scheme. This paper gives only a brief description as it applies to the current model of the cat eardrum; the details of the model-generation software will be described elsewhere.
At the lowest level of the hierarchy, the three-dimensional coordinates of named control points are specified which define the o9erall geometry of the model. In the model considered here there are 20 control points defining the outline of the eardrum (taken to be lying in the x-y plane), 14 defining the outline of the manubrium, another four points which define the boundary between the pars tensa and the pars fiaccida, and finally two points defining the position of the ossicular axis of rotation.
At the next level of the hierarchy, curved three-dimensional line segments are defined using the names of the above control points, by means of move, line, and spline commands. The move command is used to start a line segment, the line command generates a straight line segment, and the spline command produces a curved line segment using quasicubic splines {Hazony, 1979). In addition to this geometrical definition, one can also specify the boundary conditions cor- end points of each fiber are located along the manubrium and along the tympanic ting. In the earlier model the arcs were positioned first by eye, and then the nodes were forced to lie on them (see Fig. 1 in the 1978 paper) . In the present model the x-y position of each internal node is necessarily determined by the mesh-generation process; fiber endpoints are then calculated to correspond to the shortest fiber passing through that node. The standard value of c used here is 1.19; this value was used in the 1978 paper because it was the smallest value that did not result in any nodes lying above the plane of the tympanic ting, and it is used here for consistency. The result is an overall shape very similar, but not identical, to that of the old model.
C. Bandwidth minimization
Once the complete finite-element model has been generated, it is processed through a bandwidth-minimization program which renumbers the nodes in order to reduce the bandwidth of the system stiffness matrix, using the a!gorithm of Crane et al. From the above discussion it can be seen that the model being presented here is almost equivalent to the ones described in earlier papers. The most noticeable difference is the correction of an error in the 1978 paper. In the calculations for that paper some of the nodes in the pars tensa were accidentally constrained to zero displacements. This resulted in displacements that were somewhat too small, and a vibration pattern with its anterior peak shifted towards the manubrium. The effects were relatively small, largely because the behavior of the eardrum is dominated by its larger posterior portion. In the following discussion of the effects of varying mesh resolution, the displacements for the corrected 1978 model are shown.
II. EFFECT OF MESH RESOLUTION ON STATIC BEHAVIOR
The accuracy of a finite-element model is partly determined by how fine the element mesh is. A coarse mesh may introduce large errors due both to the discretization of the underlying partial differential equations, and to the inaccurate representation of the geometry of the object modeled. Unfortunately, the use of fine meshes may incur very large costs. The eardrum model used in earlier papers had quite a coarse mesh due to the restrictions of the computer software being used. It is important to examine the effects of mesh resolution, especially since we wish to consider the higherfrequency behavior of the model where the vibration patterns become more complex and hence more sensitive to limited mesh resolution. terns corresponding to the natural frequencies. For this paper the first six natural frequencies and the corresponding mode shapes have been calculated, using a mesh resolution ofn ----12. Figure 3 shows the vibration patterns calculated using the standard parameter values given in Secs. IB and ID. The lowest natural frequency is at about 1.8 kHz, and the next five natural frequencies all occur within the next 1.4 kHz.
To check that the mesh resolution at n----12 is adequate, the natural frequencies were also calculated with n ----15. The differences were all less than 40 Hz except for a difference of 125 Hz in the third natural frequency.
Most of the first six natural frequencies correspond to resonant vibratory modes in the posterior region of the eardrum. In Fig. 3, the suggest that the first natural frequency occurs closer to 3 than to 2 kHz.
IV. EFFECTS OF PARAMETER VARIATIONS
The values of the parameters used in the present model, as in Funnell and Laszlo (1978}, are rough estimates based on a variety of arguments, and no attempt has been made to optimize the choice of parameter values in order to fit the holographically observed vibratory behavior. In this section the sensitivity of the model to variations in some of the parameters will be investigated. Figure 4 shows the effects of varying the two parameters that represent the load on the eardrum due to the ossicular chain and cochlea. In each part of Fig. 4 The results of modifying the three-dimensional shape of the model are less straightforward than when one modifies the material properties. Figure 6(a) shows the effects of varying the curvature of the sides of the drum, as represented by the normalized radius of curvature c. Increasing c (that is, making the drum's radial fibers flatter) has different effects on the different modes: the two lowest natural frequencies pass through a shallow maximum in the vicinity ofc = 1.5 to 2, while the higher frequencies decrease more or less monotonically with increasing c. A value ofc in the neighborhood of 1.4, which subjectively is not an unreasonable estimate for the curvature actually found in the eardrum, is a good compromise, giving a large lowest natural frequency without decreasing the higher ones too much. Figure 6(b) shows the effects of varying the depth of the cone formed by the eardrum. The variation is expressed in terms of a "relative depth," with the standard model shape having a value of one; as in Funnell and Laszlo (1978) , the z coordinate of each point is multiplied by this relative depth. Thus a value of zero represents a perfectly flat eardrum, and values greater than one represent eardrums which are exaggeratedly deep. All of the first six natural frequencies increase markedly as the relative depth is increased from zero. The lower ones tend to reach a plateau at about one, while the higher ones all decrease as the depth is increased beyond one. A relative depth in the vicinity of one gives nearly maximal values for all but one of the natural frequencies computed here.
V. DISCUSSION
The hierarchical mesh-generation procedure described briefly in this paper greatly facilitates the preparation of finite-element models of irregularly shaped structures like the eardrum. Using the ability to produce meshes of varying resolution, it is possible to select a mesh which provides a reasonable combination of cost and precision.
The natural frequencies and mode shapes calculated with the present model are in reasonable agreement with experimentally observed results, indicating that the parameters of the model are at least of the right order of magnitude. Most of the parameters are based on totally inadequate experimental data. Considerable refinement of the model is possible, not only through better estimates of various parameters but also by relaxing certain oversimplifications in the model. For example, the eardrum is modeled here as being uniform and isotropic although it is neither.
In order.to provide some insight into the functional significance of different aspects of the model, the effects of systematically varying several parameters have been described. It is interesting to note that, in the case of both the curvature parameter and the depth parameter, the standard value in the model is in the right neighborhood to broaden the frequency range as much as possible. In our discussion of the low-frequency model { 1978) we pointed out the apparent disadvantage of the conical shape of the eardrum in terms of low-frequency sensitivity. The curves in Fig. 6 suggest that the conical shape, and also perhaps the curvature, may serve to extend the frequency range of the eardrum. Fig. 4 that the ossicular parameters have little effect of the natural frequencies and mode shapes of the eardrum. This obviously does not mean that these parameters are not important in determining the transmission characteristics of the middle ear. It is necessary to include the effects of damping in the model so that the displacements, including the ossicular displacement, can be calculated as functions of stimulus frequency.
It is seen from
